The molecular motor myosin teams up to drive muscle contraction, membrane traffic, and cell division in biological cells. Myosin function in cells emerges from the interaction of multiple motors tethered to a scaffold, with surrounding actin filaments organized into 3D networks. Despite the importance of myosin function, the influence of intermotor interactions on collective motion remains poorly understood. In this study, we used precisely engineered myosin assemblies to examine emergence in collective myosin movement. We report that tethering multiple myosin VI motors, but not myosin V motors, modifies their movement trajectories on keratocyte actin networks. Single myosin V and VI dimers display similar skewed trajectories, albeit in opposite directions, when traversing the keratocyte actin network. In contrast, tethering myosin VI motors, but not myosin V motors, progressively straightens the trajectories with increasing myosin number. Trajectory shape of multimotor scaffolds positively correlates with the stiffness of the myosin lever arm. Swapping the flexible myosin VI lever arm for the relatively rigid myosin V lever increases trajectory skewness, and vice versa. A simplified model of coupled motor movement demonstrates that the differences in flexural rigidity of the two myosin lever arms is sufficient to account for the differences in observed behavior of groups of myosin V and VI motors. In accordance with this model trajectory, shapes for scaffolds containing both myosin V and VI are dominated by the myosin with a stiffer lever arm. Our findings suggest that structural features unique to each myosin type may confer selective advantages in cellular functions.
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motor proteins | single molecule biophysics | synthetic biology | DNA nanotechnology | collective decision-making C ollective motion of a group is often influenced by interactions between individual entities, leading to emergence not evident in the individual (1) . Stellar streaming (2) , segregation of pedestrian traffic (3) , and the migration of biological cells (4) are examples that span the size spectrum. Stellar streaming emerges from the gravitational interactions between ancient orbiting stars and the entire galaxy (2) . Pedestrians adjust their movements on the basis of visual cues, such as the distance to an obstruction, giving rise to spontaneous unidirectional lanes for faster migration through a crowd (3) . In migrating cells, local remodeling of the cytoskeleton is sufficient to effect global changes in the shape and persistence of movement direction (4) . Although the importance of emergence in nature is generally appreciated, defining the underlying parameters that influence collective motion remains a challenge. In biology, the cell is packed with proteins that undergo relatively weak interactions in spatially segregated groups that give rise to large-scale intracellular structure, cellular migration, and tissue-level phenomena such as muscle motion and memory. Despite its importance, studies of emergence in cell biology have been limited, until recently, by the lack of engineered systems at the nanoscale.
The cellular function of the myosin family of cytoskeletal motors emerges from the interaction of several myosins tethered to a scaffold with the surrounding actin filaments (5) . Actin architecture in cells is inherently 2D or 3D, as witnessed in dense cortical meshworks (6) , filament bundles in filopodia (7), and parallel hexagonal arrays in muscle sarcomeres (8, 9) . In concert, collective myosin function in cells varies with actin organization. Whereas multiple membrane-tethered myosin VI motors interact with actin bundles to anchor stereocilia (10) , myosin VI motors on uncoated endosomes are necessary for their timely transport through a dense actin cortex, and myosin VI localized on the Golgi functions as a tether to maintain organelle shape and size (11) . In muscle, the collective interaction of myosins patterned on rod-like structures with actin filaments arranged in hexagonal lattices forms the molecular basis of muscle contraction (8, 9) . In each of these instances, the contribution of intermotor interactions, patterned in different geometric configurations, on collective myosin remains unexplored.
Myosin function in a cellular context has been examined either as the interaction of single molecules with cellular actin networks (12, 13) or the movement of two motors tethered together on single actin filaments (14, 15) . Single myosin studies have identified unique structural features in the protein that select for processive movement on certain actin topologies (13, 16, 17) . Tethering two identical myosins enhances travel distance along single actin filaments, but at lower speeds (15) . Tethering myosins that move toward the opposite ends of an actin filament results in unidirectional motion, with the two motors coordinating their stepping movements (14) . The intermotor interactions in these systems have also been investigated with theoretical approaches that, combined with experimental observations, have yielded insights into the underlying parameters that govern collective movement (18) (19) (20) (21) (22) (23) . Although there have been studies on the collective movement of myosins on cellular actin networks (24, 25) , they have relied on polystyrene beads as scaffolds, which do
Significance
Myosins function as groups of motors anchored to a cellular scaffold that interacts with neighboring actin filaments patterned in complex three-dimensional networks. Although much is known about the function of individual myosin molecules, the contribution of intermotor interactions to collective movement is poorly understood. We used a precisely engineered biomimetic system to investigate how the mechanics of a structural element in the individual myosin influences the collective motion of groups of motors. Stochastic simulations suggest that the interplay between intramolecular strain on the motor lever arm and intermotor tension dictates trajectory shapes in groups of identical and antagonistic motors. Our study provides a general approach to dissecting emergence in cellular processes with applications for the efficient synthetic design of molecular transport systems.
not provide control over the number, type, and organization of myosins (24, 25) . Here, we use 2D DNA origami scaffolds (26) (27) (28) to precisely pattern a combination of myosin V and VI and systematically dissect the role of intermotor interactions on collective function.
In this study, we report the emergence of collective motion in myosins that is dependent on the myosin lever arm. DNA origami scaffolds were used to precisely engineer groups of myosin V and VI motors and study their interactions with a model 2D cellular actin network. A simple model suggests that tuning the flexural rigidity of the lever arm relative to the stiffness of intermotor linkages is sufficient to influence collective trajectories in groups of both identical and antagonistic motors. Our findings suggest that structural features unique to myosin V and VI confer selective advantages to their cellular functions.
Results
Single Myosin V and Myosin VI Move Processively on the Dense Keratocyte Actin Network with Similar Meandering Trajectories. The movement of individual myosin V or VI on dense actin networks (SI Appendix, Fig. S1 ) was first assessed at the single-molecule level with total internal reflection fluorescence (TIRF) microscopy. Myosin V (Fig. 1A ) moved toward the cell periphery, whereas myosin VI (Fig. 1B ) traveled toward the cell center, consistent with previously reported actin network polarity (25) . The mean speed 〈v〉 and mean run length 〈RL〉 of a single myosin V (212 ± 10 nm/s; 495 ± 63 nm) or myosin VI (168 ± 2 nm/s; 388 ± 31 nm) are in agreement with previous reports for movement of these myosins on single actin filaments (15, 29, 30) . To visually compare the shapes of myosin trajectories, each trajectory was rotated to align their local actin polarity field vectors ( Fig. 1C ; SI Appendix, Fig. S2 ), followed by translation to match starting coordinates. The local actin polarity field vector is the shortest vector that passes through the center of mass of the trajectory, connects the inner and outer boundaries of the keratocyte actin network, and is directed from the cell center to the cell periphery ( Fig. 1C ; SI Appendix, Fig. S2 ). The aligned trajectories show a broad distribution of trajectory shapes for both myosin V and VI ( Fig. 1 D  and E) . The mean trajectory shape was quantified using the root mean squared displacement of the population relative to the local actin polarity field vector (Fig. 1 F and G) . The mean trajectory shape was also used to quantify the lateral skewness of the trajectories in terms of a shape factor (S; SI Appendix, Fig.  S2 ), which quantifies the mean lateral deviation (μm) of a population of trajectories as the myosin moves a distance of 1 μm toward the cell center or periphery. Trajectories of single myosin V and single myosin VI had comparable shape factors (0.55 ± 0.3 μm/μm and 0.46 ± 0.3 μm/μm, respectively) that were statistically indistinguishable (P = 0.11), suggesting similar meandering movement for both myosin types.
Engineering 2D Actin-Myosin Interactions. To systematically dissect the collective motion of multiple myosin motors, we designed a programmable biomimetic scaffold using a ∼100 nm × ∼80 nm flat rectangular DNA origami (27, 28) . The myosin pattern on the origami surface models the interaction at the interface between a myosin-coated vesicle and the cortical actin meshwork that enmeshes it ( Fig. 2A) . Myosin was arranged in a hexagonal configuration, with the side length comparable to the myosin hydrodynamic diameter (Fig. 2 A and B ; SI Appendix, Figs. S3 and S4; details in SI Notes S1). Myosin V and VI dimers were engineered with a SNAP-tag (alkyl-guanine-transferase) to facilitate the covalent attachment of an oligonucleotide. The myosin-linked oligo is complementary to a scaffold extension (Fig.  2B) . The high efficiency of myosin labeling with oligo (>95%; Fig. 2C ) was confirmed by a gel-shift assay. Origami scaffolds were designed with a biotinylated strand to facilitate removal of excess myosin (see Materials and Methods; SI Appendix, Fig. S5 ) while preserving the origami shape and myosin attachment (SI Appendix, Fig. S6 ). Precise control of myosin number on each scaffold was evident in defined gel-shifts of the origami scaffold in 1% agarose 0.1% SDS gels (94 ± 1% occupancy; Fig. 2D ; SI Appendix, Fig. S6 ) and a photon counting assay (>92% occupancy; Fig. 2 E-G). Intact 2D actin networks with net polarity and large surface area were obtained from detergent extracted keratocytes, as previously reported (25) (Fig. 2H ; SI Appendix, Fig. S1 ). The origami scaffolds move predominately on the surface of the actin network, whose ∼30-nm mean pore size (25) is significantly smaller than the origami scaffold but is comparable to the ∼36-nm step size of myosin V (29) and VI (30) (Fig. 2I ).
Multimyosin Scaffolds Move Farther at Lower Speeds. The mean speed of scaffolds with 2-6 myosin V or myosin VI motors is significantly lower than that of a single myosin V or VI, respectively ( Fig. 3A ; SI Appendix, Fig. S8 ). This observation is similar to previous reports for 2 myosin V motors on a single actin filament (15) but is in contrast to kinesin molecules that show essentially no change in speed with increasing motor number (26, 31) . Multimyosin scaffold speed, however, does not depend on motor number (n = 2-6 myosins; Fig. 3A ). Origami scaffolds with myosin V or VI show a characteristic increase in mean apparent run-length with increasing motor number (15, 32) , consistent with the engagement of each additional motor with the actin networks ( Fig. 3B ; SI Appendix, Fig. S9 ). Given the limited width of the keratocyte actin network (∼5 μm), the myosin-dependent run length is substantially larger (SI Appendix, Fig. S10 ) than the observed run length (Fig. 3B) . In both analyses, conjugating a DNA scaffold to a single myosin V or VI does not alter its speed (P ≥ 0.07; Fig. 3A ) and mean apparent run length (P ≥ 0.09; Fig. 3B ). ( Fig. 1 A and D) . In contrast, myosin VI-driven trajectories are highly linear ( Fig. 3 D and F; Movie S1, Lower) and are strikingly different from the corresponding single-molecule movement ( Fig.  1 B and E). Correspondingly, the shape factors for myosin VI, but not myosin V, trajectories decrease with increasing motor number (Fig. 3G ). The similar trajectory shapes for single myosin V or VI molecules ( Fig. 1 A and B ) support a role for myosin structure rather than asymmetric organization of the actin network in the observed difference in the collective behavior of groups of motors.
Stochastic Simulation Suggests the Flexibility of the Lever Arm
Influences Collective Myosin Movement. To understand the underlying mechanisms that give rise to the difference in movement patterns, a biophysical model was used to study the potential contribution of intra-and intermolecular forces to collective movement. In this model, the stepping process of an individual myosin within an ensemble ( Fig. 4A ; SI Appendix, Figs. S11 and S12) is guided by the interplay between the intramolecular strain on the lever arm and the intermolecular tension caused by the stretching of intermotor links (Fig. 4B) . The flexural rigidity of the lever arm (k f ) imposes an intramolecular penalty for misalignment of the lever relative to the actin filament where the corresponding myosin head is anchored. In contrast, the extension of structural elements in the motors and linkers between them increases the intermotor tension in proportion to the net spring stiffness (k s ; Fig. 4B ). Therefore, the Boltzmann probability of a given poststroke state derives from the relative magnitudes of the elastic potential energies associated with intramolecular strain and intermotor tension. Stochastic simulations based on this model showed that for an ensemble with defined k s , trajectory shapes can be tuned by varying k f /k s (Fig. 4C ). Simulated trajectory shapes were quantified in terms of shape factors (Figs. 1G and 3G; SI Appendix, Fig. S2 ). For myosins with highly flexible lever arms (k f L 2 < k B T; left shaded region in Fig. 4D and SI Appendix, Figs. S13 and S14), thermal fluctuations dictate both individual and collective motion. In this regime, the myosin motor freely steps off-axis to relieve intermotor tension, resulting in highly linear trajectories (low shape factor). For rigid levers (k f /k s 1, right shaded region in Fig. 4D and SI Appendix, Figs. S13 and S14), the motor steps minimize intramolecular strain. Thus, after release of the trailing head from an actin filament, it preferentially binds to an actin filament with the same spatial orientation as the one bound to the leading head. Subsequent steps by either motor continue to align the heads relative to each other, further minimizing intramolecular strain. The resulting trajectories meander about the local actin polarity field vector with a shape factor that increases with k f /k s . The orientation of trajectories for rigid levers (k f /k s 1) (43) is smaller than the size of scaffold (∼100 nm). The keratocyte actin network is depicted by actin filaments oriented at ±35° (44) . Error bars represent ± SEM. depends on the local orientations of actin filaments. Quantitative analysis of transmission electron microscopy (TEM) images of keratocyte actin networks (SI Appendix, Fig. S11 ) yields a bimodal distribution for orientation of actin filaments relative to the local actin polarity field vector, with peaks at ±35°( Fig. 4E ; Materials and Methods). This nonrandom distribution of the underlying actin network contributes to the observed skewed trajectories for k f /k s 1. Between the extremes dominated by thermal fluctuations and rigid levers, the shape factor steadily increases as (k f / k s ) increases (Fig. 4D, solid line) . According to this model, the experimentally observed shape factors are consistent with a flexible lever for myosin VI (k f /k s < 1) and a relatively rigid lever for myosin V (k f /k s > 1). For single myosin molecules (k s = 0), the shape factor is solely dependent on the rigidity of the myosin lever relative to thermal fluctuations (k f L 2 /k B T, where L is the length of the lever arm; SI Appendix, Fig. S13 ). The experimentally observed shape factors for single myosins suggest that both motor types operate outside the regime dominated by thermal fluctuations (SI Appendix, Fig. S14 ).
Swapping Lever Arms Switches Trajectory Shape. Our model demonstrates that the structural properties of the myosin lever arm form a parameter that can account for observed differences in the collective motion of the two myosins. This prediction was tested by experiments involving myosin V and VI chimeras with swapped lever arms. More specifically, chimeras involved the myosin V motor domain with the flexible myosin VI lever arm (myosin V/VI; Fig. 5A ) and the myosin VI motor domain with the rigid myosin V lever arm (myosin VI/V; Fig. 5B ). Although the direction of movement is dictated by the motor domain ( Fig.  5 A and B) , providing myosin V with a flexible lever arm decreases the shape factors, and vice versa (Fig. 5 C-E; n ≥ 391; P < 0.0001). This dramatic reversal supports the idea that trajectory shape emerges from the interplay between intermotor tension and lever arm-dependent intramolecular strain.
Trajectory Shape Is Dominated by Myosin V. Myosin V and VI have been shown to colocalize to vesicles in neuronal growth cones (33) . Hence, we investigated origami scaffolds with antagonistic motors to test the ability of myosin V and VI to influence each other's movement. In accordance with previous reports, scaffolds with both myosin V and VI commit to one direction of movement (14, 26) and are sorted almost equally into movement toward cell periphery (52 ± 1%) and cell center (48 ± 1%) ( Fig.  6A ; Movie S2; n = 546). The shape factor for trajectories with myosin V leading was statistically unchanged compared with those with myosin V alone (P = 0.37; Fig. 6D ). In contrast, the shape factor of trajectories with myosin VI leading was significantly higher than those with myosin VI alone (P = 0.02; Fig. 6D ). This asymmetry suggests that for both inward and outward directed trajectories, the intramolecular strain in the rigid lever arm of myosin V dominates the collective movement, whereas the flexible myosin VI lever follows the path set by myosin V (Fig. 6E ).
Discussion
Our study illustrates the importance of intermotor interactions in determining collective motion and suggests the need to similarly reconstitute cellular processes to understand the contribution of emergence to higher-order function. Myosin V and VI play important roles in diverse cellular processes, including membrane transport, tethering of organelles, cytokinesis, and actin organization (5). The skewed movement of multimyosin V scaffolds reported here is consistent with the myosin V-driven dispersive motion of pigment granules in the melanocyte cortex (34) . In contrast, linear-directed trajectories, rather than meandering motion, are likely to reduce endocytic transport times, as observed in the presence of myosin VI (35) . Myosin V and VI move toward the opposite ends of single actin filaments, albeit with similar stepping kinetics (29, 30) . Our study shows that the myosin lever arm can influence trajectory shapes in groups of motors. The structural elements that constitute the myosin lever are unique to each member of the myosin family (36) . Myosin V has a relatively rigid lever arm consisting of a series of IQ motifs wrapped by six calmodulin light chains (37) . In contrast, myosin VI has only two calmodulin binding domains followed by a semiflexible single ER/K α-helix domain (36) . The flexible myosin VI lever is necessary and sufficient to straighten trajectories in groups of myosin VI motors. A parallel observation is that structural elements in myosin X lever arm extension selectively enable processive movement on parallel actin bundles because of the poor processivity of this motor on single actin filaments (17) . Accordingly, myosin X preferentially associates and moves along filopodia because of its increased residence time on this actin architecture. Further, single molecules of myosin V, VI, and X display preferential processive movement on distinct actin architecture (13). These observations are consistent with our findings that structural features within the myosin molecule influence cellular behavior by selectively influencing interactions with the actin network. This is in contrast to functional differences in myosins attributed to their distinct cargo binding domains, which are well-established determinants of subcellular localization through the selective binding of membranes or adaptor proteins (38) . Unraveling the rules of interaction between the individuals of a group is an essential step for understanding and controlling emergent behavior (1, 3) . Hence, we paired experiments with stochastic simulations that incorporate detailed information on myosin stepping derived from single-molecule studies (37) . Such simulations have been previously used to determine the relative population of different kinetic states during the processive movement of two-motor assemblies on single actin filaments (15) or microtubules (20) . Our measurements complement a recent report on two-myosin assemblies (15) , in that the multimyosin scaffolds move modestly longer distances, at reduced speeds, compared with single myosin molecules. Transition state models have suggested that two-myosin assemblies substantially populate states in which both motors are bound to an actin filament (20) . For our multimotor scaffolds, population of states in which multiple motors are bound to an actin filament should decrease the probability that no motor is bound to an actin filament, resulting in longer runs. Correspondingly, we find that scaffold run length linearly increases with myosin number, supporting the concept that each additional motor can interact with actin filaments. The frequent population of states with multiple motors bound to actin filaments is also supported by the trend in speed with increasing motor number. Assuming the motors step asynchronously, we would expect that the stepping kinetics of each myosin are influenced by whether or not the scaffold is anchored to the actin filament by another motor, rather than the number bound. Accordingly, although multimyosin scaffolds move slower than ones with single myosin, their speeds do not depend on motor number.
Given that the trajectory skewness of multimotor assemblies is dependent on the type of lever arm (V or VI), our simulations incorporated the structural differences in the levers in terms of their flexural rigidity. This single parameter is sufficient to capture the observed differences in trajectory shapes for groups of myosin V and VI. The stiffer lever favors binding of myosin heads to actin filaments aligned with each other. Given the nonrandom distribution of local actin orientations, stiffer levers favor skewed orientation of trajectories relative to the actin polarity field vector. Our simplified model suggests that the balance between intermotor tension of the motor linkages and intramolecular strain in the lever arm dictates trajectory shapes. It must be noted that the model substantially simplifies both the actin architecture and computation of intra-and intermolecular interactions and does not account for the potential effects of intermotor forces on stepping kinetics. Hence, although the model can explain the observed behavior, it is entirely possible that additional parameters can similarly influence intermotor interactions to effect similar outcomes. Nonetheless, our findings suggest an elegant design principle for linear transport in a complex, 2D landscape. Regardless of motor type, tuning the balance between intra-and intermolecular interaction energies can control collective movement. This principle can be applied to designing efficient, long-range transport systems at the nanoscale.
Materials and Methods
Myosin Expression and Purification. Recombinant myosin protein was expressed and purified from Sf9 insect cells. Myosin constructs contain an Nterminal FLAG tag, followed by a myosin, leucine zipper (GCN4) to ensure dimerization, alkyl-guanine-transferase (AGT), and His6 tag. Myosin VI consisted of residues 1-992 of Sus Scrofa myosin VI; myosin V is constructed from residues 1-1,0099 of Gallus gallus myosin V. Both myosin VI and myosin V/VI chimera were cloned into pBiex-1 (Novagen), whereas myosin V and myosin VI/V were cloned into pFastBac dual (coexpresses calmodulin). Protein was expressed by transient transfection (pBiex-1; Escort IV, Sigma) or baculovirus infection of Sf9 cells (Invitrogen). Expressed proteins were affinity purified at 72 h with Anti-FLAG resin (Sigma), using established procedures (39, 40) .
Scaffold-Myosin Preparation and Purification. Single-stranded M13mp18 DNA (scaffold strand; N4040S; NEB) were mixed with fourfold excess of short staple strands (unpurified; IDT), followed by 2-h-long annealing, as previously described (27, 28) (SI Materials and Methods). Intact scaffolds were separated from excess staple strands, and improperly folded scaffolds by gel purification (0.8% agarose with SyberGreen) and recovered in 30% sucrose, 1× TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA), 12.5 mM MgCl 2 (41) . Purified scaffolds were mixed with an excess of benzyl-guanine-conjugated myosin (SI Materials and Methods) and blocking oligos (mixture of 42-nt oligos with randomized sequence) and incubated for 20 min at 37°C. Scaffold-myosin complexes were separated from excess myosin by affinity purification followed by strand displacement (SI Appendix, Fig. S5 ). Photon Counting Assay. Fractional occupancy of myosin binding sites on each DNA scaffold were quantified using a photon counting assay. Cy5-labeled DNA scaffolds were incubated with an excess of Cy3-labeled DNA strand for 30 min at 37°C, followed by 30 min at room temperature. The scaffolds were diluted by a factor of 25,000 in 1× assay buffer (AB) (25 mM KCl, 4 mM MgCl 2 , 1 mM EGTA, 25 mM Imidazole) + 1 mg/mL BSA, and subsequently immobilized in a neutravidin-coated flow chamber. Unbound Cy3 was removed by extensive washes with 1× AB·BSA. Scaffolds were imaged in 1× AB + [1 mg/mL BSA, 25 μg/mL glucose-oxidase, 45 μg/mL catalase, 1% (wt/vol) glucose] at room temperature, using a TIRF microscope (Olympus IX81; 60× NA 1.48 Apo TIRF objective), a 2× image magnifier (EMCCD iXON Ultra; Andor), a 532-nm laser (Crystalaser CL532-150mW-L), and a 640-nm laser (CUBE 640-100). For each field of view, successive images of Cy3 (excitation at 532 nm) and Cy5 (excitation at 640 nm) emissions were obtained with 2 s exposure time and ∼100-nm penetration depth (Olympus TIRF Illuminator). Cy3 and Cy5 intensities were quantified using custom Mathematica and MATLAB algorithms. Briefly, individual scaffolds were located using a particle tracking algorithm based on Cy5 intensity. Cy3 intensity for each scaffold was normalized by corresponding Cy5 intensity. Cy3 and Cy5 intensities were individually integrated over a 13 × 13-pixel region. Normalized intensity (I) was defined as the ratio between the intensity values in the Cy3 and Cy5 images (Fig. 2 E-G) .
Motility Assays. Keratocytes were derived from scales of Thorichthys meeki (Firemouth Cichlids), as previously described (25) . Detergent-extracted keratocytes were washed into buffer AB + 1 mg/mL BSA, followed by incubation with myosin-scaffolds in imaging buffer AB + [1 mg/mL BSA, 2 mM ATP, 9.0 μM calmodulin, 1 mM phosphocreatine, 0.1 mg/mL creatine-phosphokinase, 25 μg/mL glucose-oxidase, 45 μg/mL catalase, 1% (wt/vol) glucose, 1 μM blocking oligos] at room temperature. Time-lapse imaging was performed on an epi-fluorescence microscope (SI Materials and Methods), with the exception of single-molecule motility assays in Fig. 1 . Single-molecule imaging was obtained using a TIRF microscope (SI Materials and Methods).
Data Analysis. Trajectories of individual myosin labeled scaffolds were analyzed using custom MATLAB Particle Tracking software (42) and Imaris (Bitplane). A 2D-Gaussian fit was used to estimate scaffold position with subpixel resolution. Intensity of scaffold was used to exclude doublets and aggregates (<10%). The scaffold positions were used to compute run length, end-to-end speed, and local trajectory angle (SI Materials and Methods). 
Supplemental Methods
Buffer and reagents -1X Assay Buffer (AB) -25 mM imidazole (pH 7.5), 4 mM MgCl 2 , 1 mM EGTA, 25 mM KCl, 10 mM DTT; 1X AB.BSA buffer, AB buffer + 1 mg/mL BSA.
Preparation of benzyl-guanine-conjugated oligo -C6-amine modified oligonucleotides (oligo) were covalently linked to benzyl-guanine NHS-ester (BG-GLA-NHS; NEB). Briefly, 0.08 mM oligo was incubated with 3.2 mM BG-GLA-NHS in 0.1M NaBO 3 for ~8 hr at room temperature with shaking. Oligo was precipitated in a final concentration of 70% ice-cold ethanol followed by multiple washes and centrifugation (12,000g; 30 min) steps to remove unreacted BG-GLA-NHS. Air-dried pellet was reconstituted in 2 mM Tris pH 8.5 followed by desalting (2x) on G-50 MicroColumns (GE Healthcare). Final benzyl-guanine labeled oligo (BG-oligo) concentration was determined from UV absorbance at 260 nm (Nanodrop). BG oligo aliquots were frozen and stored at -80 °C.
Covalent oligo attachment to myosin protein -Myosin protein bound to Anti-FLAG resin was incubated with excess (>10 µM) of benzyl-guanine-conjugated oligo (BG-oligo) at 37 °C with shaking for 30 min followed by overnight incubation on ice. Resin was washed 3 times with buffer containing 20 mM Imidazole pH 7.4, 3 mM DTT, 1 µg/ml PMSF, 10 µg/ml aprotinin, and 10 µg/ml leupeptin. BG-oligo labeled myosin was eluted with 0.2 mg/ml FLAG-peptide (Sigma) and was used within two weeks or stored in a 55% v/v glycerol solution at -20 °C. Labeling efficiency was assessed by separating labeled and unlabeled myosin by 10% SDS-PAGE followed by staining with SimplyBlue SafeStain (Invitrogen). Myosin labeled with BG-oligo showed a distinct gel-shift with over 95% labeling efficiency quantified by densitometry.
Origami preparation and purification -DNA sequences are listed in the SI Notes 1. Three strands are used in tandem to enable purification of scaffold-myosin complexes by strand displacement (Fig. S5) . The origami-attachment strand is an extended staple strand; the spacer strand has complementarity to the origami-attachment strand; the biotin-strand has complementarity to the spacer strand. Further, staple strands at the sites of myosin attachment have a 5T's extension to provide the bound myosin with rotational freedom. Last, the 23 edge-staple strands were extended with a unique DNA sequence. A single Cy3 DNA strand with complementarity to this edge-staple extension was used to label each scaffold with 23 Cy3 dye molecules. Purified scaffolds were stored at 4 °C.
Scaffold-myosin purification -Affinity purification was achieved with a nitrocellulose coverslip coated with neutravidin. Biotinylated, myosin-scaffold mixtures were bound to the coverslip for 5 min. Subsequently, the coverslips were extensively washed with AB supplemented with 0.1 mg/ml BSA. Myosin scaffolds were eluted with AB.BSA and 9 µM calmodulin. Elution was achieved by competitive displacement of the spacer strand with a highly complementary elution strand (10 min at RT; Fig. S5 ). Purified myosinscaffold complexes were immediately used in motility assays. The yield and integrity of scaffold-myosin conjugation was assessed using 1% agarose -0.1% SDS gels.
SDS-Agarose
Gel -The purity, yield, and structural integrity of myosin-origami conjugation was assessed by a gel-shift assay. The myosin-origami samples were incubated with loading dye (Promega) containing 1% SDS for 5 minutes. The samples were loaded onto 1% agarose-0.1% SDS gel and run in 1X TE, 0.1% SDS, and 5 mM MgCl 2 for 6-10 hours, at 60 V, at room temperature.
Cy3-myosin conjugation for single molecule experiments -Purified BG-oligo1-labeled myosin dimers were mixed with an excess of Cy3-RC-oligo1-Cy3 strand (5'-Cy3-ACTATAGAGATTGGCGCGTATCGT-Cy3 -3') and incubated in binding buffer (10 mM Imidazole, pH 7.4, 25 mM KCl, 10 mM MgCl 2 ) supplemented with 1 mg/mL BSA and 9 µM calmodulin for 20 minutes at ambient temperature (RC refers to the reverse complement). Cy3-labeled myosin was purified from the excess of Cy3-RColigo1-Cy3 by Nickel-NTA agarose resin (Qiagen). First, the labeled myosin was bound to the resin for 30 minutes on ice. Resin was extensively washed with assay buffer containing 1 mg/mL BSA to remove unbound Cy3-RColigo1-Cy3 strands. The purified Cy3-labeled myosin was eluted from the resin by buffer consisting of 200 mM Imidazole, pH 7.4, 1 mM EGTA, 4 mM MgCl 2 , 25 mM KCl, 9.0 µM calmodulin, 10 µg/mL Aprotinin, 10 µg/mL Leupeptin, 0.1 mg/mL PMSF, and 10 mM DTT. Potential aggregates were removed by centrifugation for 15 minutes at 21.2 × 10 3 g on a bench top centrifuge at 4°C.
Preparation of keratocyte actin networks -Keratocytes were derived from scales of Thorichthys meeki (Firemouth Cichlids) as previously described (26) . All protocols conform to the guidelines of the local animal care and use committee (IACUC). As previously reported (26) , keratocytes were detergent-extracted and actin networks were stabilized with phalloidin [50 nM Alexa-488 phalloidin (Invitrogen) with 200 nM unlabeled phalloidin (Sigma)]. Coverslips with detergent extracted keratocytes were stored at 4°C and used in motility experiments within 24 hrs.
Single molecule imaging -Single molecule motility assays were acquired at 240x magnification on an objective-based TIRF microscope (Olympus IX81) with a 60x NA 1.48 Apo TIRF objective (Olympus), 4x image magnifier, EMCCD iXON Ultra, and a 561 nm laser (Coherent, 50 mW max power, 6 mW near objective). Movies of scaffold motility on the keratocyte actin network were obtained at 2 Hz for >20 minutes.
Scaffold-myosin imaging -Motility assays of Cy3-labeled scaffold with myosin motors were imaged at 150x magnification on a Nikon TiE microscope equipped with a 100x 1.4 NA Plan-Apo oil-immersion objective, 1.5x magnifier, a mercury arc lamp, Evolve EM-CCD camera (512 pixel x 512 pixel; Photometrics) and Nikon NIS-Elements software. Movies of myosin-scaffold motility on keratocyte were acquired at 2 Hz for 10-60 minutes per field of view.
Run length and end-to-end speed -Analysis of myosin labeled scaffold movement was restricted to scaffolds that appeared for more than 6 continuous frames (3 sec) and covered a distance of more than 3 pixels (320 nm). Scaffolds that were temporarily stalled were excluded from the run length analysis. Run lengths were measured by fitting a trajectory into linear segments of 300 nm starting with the first appearance of the scaffold. Run-length distribution was fitted to the truncated cumulative distributive function (CDF) of a single exponential distribution, CDF(x) = 1-e -(x-xmin)/λ , where λ is the mean run length and x min is the a priori minimum measurable run length (600 nm). End-to-end speeds were calculated by dividing measured run length (see above) by the total time the scaffold remained bound to the keratocyte network. The run length is reported as mean±SEM of the parameter λ, derived from the fit. The SEM was estimated by the bootstrap method.
Stochastic simulation -Detailed description of the simulation is presented in Fig. S11 .
Atomic Force Microscopy imaging -AFM images were acquired using tapping mode on a Nanoscope IIIa (Bruker Corporation). We used a SNL silicon nitride cantilever (Bruker AFM Probes) of length 110 µm and spring constant 0.38 N/m. Samples were imaged in AB with excess myosin and BSA removed by purification with Strepavidin magnetic beads (NEB; S1420S). Briefly, 10 µL of purified sample was deposited on a freshly cleaved piece of mica (Ted Pella), ~ 1 cm × 1 cm in size, affixed to a 15-mm diameter magnetic stainless steel puck (Ted Pella). After the DNA scaffolds are immobilized on the mica, an additional 20 µl of AB was added to both sample and cantilever holder before imaging.
Statistical analysis -The p values were computed by two-tail unpaired Student's t test using Prism 6 data analysis software (GraphPad). All reported measurements are expressed as mean ± standard error of mean (SEM). The bootstrap method was used to estimate the uncertainty (SEM) of a measurement of X from the full data set. Bootstrap method was used to analyze shape factor (S; Figs. 1, 3, 4, 5, 6 ), normalized photon intensity (I; Fig. 2 ), speed (v; Figs. 3A and S8), run length (RL; Figs. 3B and S9). The analysis was performed with either MATLAB or Mathematica. First, from the full data set of sample size N, a subset of size /2 was randomly chosen to compute x j . The brackets denote rounding off to the nearest integer. In a random subset, an element was never chosen more than once. The value of x j was generated ≥1000 times. As j increases, the distribution of x j approaches a normal distribution ! → X. Finally, the standard deviation of x j was used as an estimate of the uncertainty in the measurement of X. 
where N is the number of points in a trajectory. A binary search algorithm was used to find an actin polarity field vector (dashed arrows) that passes through {x CM ,y CM }. Fig. 2D of main text. (B) Myosin occupancy was estimated by fitting the intensity profile of each band along the electrophoresis direction (black dots). The intensity profile for each condition is derived from a summation of profiles for distinct myosin occupancies, each of which is assumed to be Gaussian distributed. Thus the intensity profile in each lane is the sum of Gaussians corresponding to 0 (blue), 1 (red), 2 (orange) and, 3 (green) myosins each of which has a distinct mean location along the gel, amplitude, and standard deviation. The observed intensity profiles were iteratively fit to the sum of Gaussians. The fraction of population of scaffolds with n myosin was calculated from the area under corresponding Gaussian curve. In our analysis, we assume that each myosin-binding process is an independent event. For each binding site, myosin occupancy (O) is defined as the probability of binding. Global fitting of the different conditions to a binomial distribution yielded a myosin occupancy of 0.94±0. , with a minimum measurable run length (threshold) of 600 nm. The white bars are runs shorter than 600 nm (the number of short runs is an underestimate as they are limited by the spatial and temporal resolution of our image acquisition). For both myosin types, the run length increases with motor number and is summarized in Fig. 3B of the main text.
